Introduction
The family Orchidaceae is one of the most diverse plant families, encompassing 25,000 species distributed worldwide.
Orchids are highly adaptive and grow in a wide range of habitats, including rainforest, grassland, mangrove swamp and even semi-desert scrub or tundra. Orchids have evolved special physical structures and survival strategies that set them apart from the rest of the vascular plants. For example, most tropical orchids are epiphytic, growing on other plants for physical support. The roots of epiphytic orchids are covered by velamen, a multiple epidermis of dead cells, which protects the photosynthetic root cortex against UV-B damage (Chomicki et al. 2015) and aids in water uptake. Other orchids may be terrestrials, lithophytes or saprophytes. Another example is orchid mycorrhizae, which allow orchids to adapt to various habitats, especially in terrestrial orchids. Because orchid seeds contain no endosperm, mycorrhizal relationships are established for orchid seed germination and seedling development. In some orchids the orchid-pollinator relationship is highly specialized, and the extreme diversity of orchid morphology and pollination strategies have long intrigued evolutionary biologists.
The use of orchids for both medicine and food has a long history. Vanilla is a well-known flavoring derived from the vanilla orchids. Stems and tubers of orchids such as Dendrobium nobile, Gastrodia elata and Bletilla striata have been traditionally used for medicinal purposes. Due to their astonishing beauty, orchids have aroused interest among horticulturists and the general public worldwide. They have become important cash crops in many tropical/subtropical countries.
Studies of fossils have shown that the modern orchids diverged from a common ancestor around 80 million years ago (Ramirez et al. 2007 ). Five subfamilies have been recognized within the Orchidaceae, namely Apostasioideae, Vanilloideae, Cypripedioideae, Orchidoideae and Epidendroideae (Chase et al. 2003 . Comparative genome mapping has limitations for very distantly related species belonging to different clades, like orchids and the well-studied Gramineae genomes, and it is partly for this reason that sequence data on the Orchidaceae are relatively scarce, in contrast to the species richness of the orchid family. The majority of publicly available sequences were derived from the Epidendroideae. Orchid genomes are typically larger than those of most model plants and there is remarkable variability in genome size across the family, with the amount of nuclear DNA varying up to 168-fold (Leitch et al. 2009 ). Most of the effort in sequencing orchid species is being made using transcriptome sequencing (Su et al. 2011 , Tsai et al. 2013 , Zhang et al. 2013 , Chao et al. 2014 .
In parallel with the advances in next-generation sequencing (NGS) technologies, new algorithms have been developed to improve the computational analysis of genome-scale RNA-Seq transcriptomes (Kawahara et al. 2016 , Szczesniak et al. 2016 . Characterization of the entire transcriptome can provide useful information regarding genomic features and their function, such as protein-coding/noncoding gene transcripts and alternative splicing, for species that lack reference genomes (Aya et al. 2015 , Ohyanagi et al. 2016 , Sakai et al. 2016 ). Whole-transcriptome sequencing is an efficient way of reducing genome complexity to obtain functional information, and therefore it often serves as a starting point for large-scale sequencing and the development of genomics tools. We published the Orchidstra database in 2013 (Su et al. 2013a ) to accommodate the annotated transcriptome shotgun assembly and expressed sequence tag (EST) data for five orchid species and one hybrid, all belonging to the subfamily Epidendroideae. In this study we designed a new database schema for the transcriptomics database system and built a new database with a completely new user interface, Orchidstra 2.0, which is more comprehensive in terms of data richness and database functionality. We generated new RNA-Seq transcriptome data from nine species that are of interest for orchid breeding and evolutionary studies. Moreover, we collected RNA sequencing data for five species from published orchid transcriptome data sets , Sedeek et al. 2013 , Zhang et al. 2013 , De Paolo et al. 2014 , Rao et al. 2014 . Functional annotation has been newly added or updated using an improved bioinformatics pipeline. In addition to microarray gene expression profiles, the Orchidstra 2.0 database also provides RNA-Seq-based quantitative gene expression data for multiple tissues and developmental stages. We have designed a new query interface with new search options and a sequence similarity search with download functionality. Currently the Orchidstra 2.0 database (http://orchidstra2. abrc.sinica.edu.tw) covers 18 species across the five main subfamilies of the Orchidaceae and represents a comprehensive transcriptomics resource for the orchid family. The database is accessible to any user, with no login requirement at any time, and is under active development to continually add newly available data and features.
Results
Newly added orchid species in the Orchidstra 2.0 database
We performed stranded RNA-Seq for nine species, namely Phalaenopsis aphrodite, Phalaenopsis bellina, Phalaenopsis lueddemanniana, Phalaenopsis modesta, Phalaenopsis schilleriana, Gastrodia elata, Cypripedium formosanum, Apostasia wallichii and Neuwiedia zollingeri (Table 1) using Illumina HiSeq 2500. In total 1,731,630,759 read pairs were generated. In addition, we retrieved RNA-Seq data from the NCBI Sequence Read Archive (SRA) databases (Kodama et al. 2012) for five orchid species, namely Cymbidium ensifolium, Cymbidium sinense, Ophrys sphegodes, Orchis italica and Vanilla planifolia ( Table 1) . The RNA-Seq data were subjected to our bioinformatics pipeline ( Fig. 1) to generate low-redundancy unigene datasets for each of the 14 species. We also rebuilt 35,818 unigene sequences from the ESTs of Phalaenopsis equestris. Moreover, we have added RNA-Seq based gene expression data for 65 tissues/developmental stages. For the pre-existing orchid miRNA (Chao et al. 2014 ) and microarray information (Su et al. 2013b ), all of the newly generated RNA-Seq transcriptome data were integrated and consistency was ensured. The orchid species and tissues were selected to cover the evolutionary classification of orchids and to be relevant to orchid breeders and researchers. The significant expansion of well-annotated orchid transcriptome data should be useful for both genome annotation and functional genomics across the orchid species. The newly added species in each orchid subfamily are described briefly below.
Apostasioideae. This subfamily is considered to be the basal clade of the Orchidaceae, with 14 species in two genera. Currently the Orchidstra 2.0 database contains two terrestrial orchids of the two genera in the Apostasioideae, namely Apostasia wallichii and Neuwiedia zollingeri. Apostasia has two fertile anthers, while Neuwiedia has three fertile anthers. In the Apostasioideae, the pollen is powdery and not aggregated into pollinia.
Vanilloideae. The species within this subfamily have flowers with a single fertile anther. Vanilla planifolia, an epiphytic orchid, is the major natural source of vanilla flavor. The diploid (2n = 2x = 32) V. planifolia has a relatively large genome with a mean diploid nuclear DNA content of 5.03 pg/2C (Bory et al. 2008) . The transcriptome of V. planifolia has been published (Rao et al. 2014) , and the raw data were downloaded from the NCBI SRA database and then processed by our bioinformatics pipeline.
Cypripedioideae. Species of this subfamily are commonly known as lady's slipper orchids. They have two fertile anthers and sticky pollen masses. Cypripedium formosanum is endemic to the higher-elevation forests (located between 2,300 and 3,000 m) of the central mountain in Taiwan. Slipper orchids bloom in April and May. Because of habitat destruction, the wild population of C. formosanum has been significantly reduced over the last few decades.
Orchidoideae. The terrestrial orchids typically have flowers with single fertile anther. The Illumina reads of Ophrys sphegodes (Sedeek et al. 2013) and Orchis italica (De Paolo et al. 2014 ) were downloaded from NCBI and then de novo assembled and processed using our bioinformatics pipeline.
Epidendroideae. This is the largest subfamily, accounting for more than 76% of orchid species . These orchids have a single fertile anther and hard, waxy pollinia. Phalaenopsis, Dendrobium, Cattleya and Oncidium are very popular genera among orchid hobbyists, and the majority of orchid hybrids on the market are descended from these genera. The Orchidstra 2.0 database currently contains functional genomics data from six wild Phalaenopsis species that are widely used parents in developing commercial hybrids. All the Phalaenopsis in the Orchidstra 2.0 database have the same chromosome number (2n = 2x = 38), with nuclear DNA contents varying from 2.8 pg/2C in P. aphrodite to 15.03 pg/2C in P. bellina (Lin et al. 2001) . P. aphrodite was often used for producing large white hybrids, while P. equestris produced progeny with multiple small flowers. P. lueddemanniana is a parent of yellow, pink and pink-striped modern hybrids. Phalaenopsis schilleriana is a parent of many pink hybrids. On the other hand, P. bellina provides a source of intense pink. The transcriptome collection offers great promise for rapid integration of alleles desirable for flower traits by molecular markerassisted breeding. We also sequenced Gastrodia elata, a saprophytic orchid, which is widely distributed across Asia, from India to Japan. The tubers of G. elata have long been used in traditional Chinese medicine. Besides, the RNA-Seq raw reads of Cypripedium ensifolium and Cypripedium sinense (Zhang et al. 2013) were downloaded from the NCBI SRA database and then de novo assembled and annotated.
Workflow used for assembly and annotation of newly added RNA-Seq data
The pipeline for transcriptome assembly and subsequent downstream analysis is illustrated as a schematic diagram in Fig. 1 and described in detail in the Materials and Methods section. It involves three major components: raw read processing and de novo assembly; constructing unigene datasets; and annotation. Briefly, the raw read pairs were pre-processed to remove adapter sequences and low-quality stretches. For each species, the clean read pairs (Table 1 ) from the various tissue samples were pooled and assembled de novo using Trinity (Grabherr et al. 2011) . In order to reduce sequence redundancy, we performed CD-HIT clustering (Li and Godzik 2006) and then created unigene datasets for each species (see the Materials and Methods section for details). The unigenes were annotated by sequence similarity searches against various well referenced databases, including the NCBI nonredundant protein database, the Pfam database of protein families (Finn et al. 2016) , the Gene Ontology (GO) database (Ashburner et al. 2000) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (Kanehisa et al. 2016) (Fig. 1) . In order to identify orthologous genes from different species, we performed OrthoMCL (Li et al. 2003) analysis with the protein sequences from all species in the Orchidstra 2.0 database and Arabidopsis 
Statistics for the new annotation data
After data processing, de novo assembly and the annotation process, we obtained a total of 407,734 protein-coding unigenes from the 14 species that have the newly added RNA-Seq data ( Table 1) . The number of protein-coding unigenes in each species, average gene length and library descriptions are shown in Table 1 . Besides, we re-annotated 103,213 protein-coding ESTs from the four species that were included in the original version of Orchidstra database, namely P. equestris, D. nobile, Erycina pusilla and Oncidium 'Gower Ramsey'. Currently 69.2% of the unigenes in Orchidstra 2.0 have one or more Pfam domain hits in a PfamScan search (Finn et al. 2014) , and 84.4% of the unigenes have GO terms assigned through BLAST2GO analysis (Conesa et al. 2005) (Table 2) . Moreover, 12.9% of the unigenes have been assigned KEGG pathway annotations ( Table 2) .
After filtering out sequences shorter than 20 amino acids, 587,449 sequences were subjected to the OrthoMCL pipeline. A total of 374,996 orchid sequences were grouped into 49,240 orthologous groups. Of the orchid unigenes, 48.1% and 49.6% were identified with homologous proteins in Arabidopsis and rice, respectively. The ortholog clustering results have been integrated into the detailed unigene information page in the Orchidstra 2.0 database. The number of Arabidopsis/rice orthologs in each species is shown in Table 2 .
User interface of Orchidstra 2.0 database Browsing the Orchidstra 2.0 unigene. The Orchidstra 2.0 website presents a global navigation bar appearing at the top of every web page to give users quick access to the main contents and utilities. The home page displays the phylogenetic relationships among the orchid subfamilies and a collection of orchid icons ( Fig. 2A) . After clicking the orchid icons (Fig. 2B) , a list of gene accessions will be displayed in a table (Fig. 2C) where each of the gene accessions is linked to the gene details (Fig. 2D) . The detailed gene information page displays the sequence of the gene, annotations derived from the NCBI nonredundant protein database and the Pfam protein domain/family database, GO term assignments, KEGG annotation and gene expression data for various tissues/stages. In addition, the Homolog tab provides information on the OrthoMCL orthologous group that was assigned to the gene, and displays a table of pairwise sequence similarities between the gene and the other genes in the same orthologous group. Homologs are genes that share a common origin. In addition to 'homolog', there are several terms applied to describing the relationship between genes: 'orthologs' are homologs in different species that originated from a common ancestral gene and diverged after a speciation event; 'paralogs' are genes that resulted from duplication within a genome; 'inparalogs' evolved by a lineage-specific duplication that occurred subsequent to a given speciation event and hence are orthologous to one or more genes in the other species (Sonnhammer and Koonin 2002, Koonin 2005) . The OrthoMCL orthologous groups contain the genes that are predicted to be related by orthology and inparalology (Fischer et al. 2011 ). In the Homolog tab, users can click the orthologous group identifier (ID) to view the page of the corresponding orthologous group, which contains gene number statistics for each species and a table listing the genes belonging to the group (Fig. 2E) . Moreover, users can tick the checkboxes to select genes of interest and press 'Show expression profiles' to create a webpage displaying gene expression levels across tissue/stages for the selected genes.
Searching annotation, GO and KEGG. The drop-down menu of TOOLS provides users with a keyword search and an advanced search for annotations of unigenes, GO term assignment and KEGG pathway. To get more precise results, users can use and combine various searching criteria, including species, Pfam accession number, Pfam name, GO term, GO ID, pathway name and EC number (Fig. 3A) . The output provides a list of accessions and IDs with links to unigene details and to external databases.
Similarity search and sequence retrieval. We provide users with the BLAST+ (Camacho et al. 2009 ) search functionality that is created using SequenceServer (Priyam et al. 2015) . Users can perform BLAST searches for their query sequences against the unigene datasets in the Orchidstra 2.0 database, where a flexible combination of multiple subject databases is allowed. In addition to the graphical output and sequence alignments of the BLAST+, the output page provides functionality that allows sequence viewing and downloads of the BLAST hit sequence (orchid unigenes) (Fig. 3B) .
Searching gene expression. The drop-down menu of TOOLs also provides users with the functionality of searching gene expression data. The RNA-Seq mode and the microarray mode both allow users to search gene expression data using keywords or a list of accessions separated by commas. Users can choose the output of RNA-Seq mode to be either a list of gene expression measures in FPKM or TPM for different tissues/ stages. The search results for gene expression can be downloaded in CSV format and can also be displayed in a heat map (Fig. 3C) . The microarray mode allows the user to select tissues. The output of the microarray mode is the heat map of the query gene expression in P. aphrodite and the Phalaenopsis V3 hybrid (Fig. 3D) .
Browsing GO and KEGG annotations. In addition to browsing data by orchid species, the web interface provides users with two other options to browse the data: by GO or by KEGG pathway. All the browse options are listed on the drop-down menu of the global navigation bar (Fig. 3E, F) .
Searching orthologous genes across orchid species. Users can search the orthologous data by keywords, Pfam accession number or Pfam name. The search can be constructed using combinations of search fields (annotation and Pfam) and 'AND Search' or 'OR Search'. Users can also use the species filter to obtain orthologous groups that contain, only contain, or do not contain genes from the specified species. The output is a table of orthologous group IDs that are relevant to the search criteria, and the number of genes in each species in each group. Users can click the column heading to sort the orthologous group by gene number or species number. Links to the detail page of each orthologous group ID are also provided (Fig. 3G) .
Analysis across the five subfamilies of the Orchidaceae
We have designed the Orchidstra 2.0 database as a cross-species resource for functional genomics studies among orchid species.
To demonstrate the use of this resource, we investigated and compared the gene families resulting from the orthologous clustering of the Orchidstra 2.0 database. The differences in the number of unique gene clusters among subfamilies may result from the variation in sequencing depth, tissue transcriptome variation, genome variation between species and the number of species sequenced in each orchid subfamily. However, after further inspection of the OrthoMCL orthologous groups we found that there are 8,880 gene families shared by all subfamilies of the Orchidaceae (Fig. 4) . Of the 8,880 gene families, 8,549 also contain genes in Arabidopsis or rice, while the other 331 gene families contain only genes of the orchid species. These genes are likely to be of fundamental importance to the physiology of higher plant species or play a special role in the orchid lineages.
Examples of obtaining omics information from the Orchidstra 2.0 database Example 1. The KNOTTED1-like homeobox (KNOX) protein is required for shoot apical meristem formation and function. It was reported that the Phalaenopsis KNOX gene, PATC127065, is inflorescence-specific (Su et al. 2013b ). Users can find orthologous genes of Phalaenopsis KNOX in other orchid species and their gene expression profile as follows. (i) Click the icon of P. aphrodite on the HOME page of the Orchidstra 2.0 database to go to the P. aphrodite coding gene page.
(ii) Enter 'PATC127065' in the search box to specify searching for PATC127065 (Fig. 5A) , and then click the accession link to go to the detailed information page for PATC127065. (iii) Click the Homolog tab to find that PATC127065 belongs to the orthologous group ORGP09422 (Fig. 5B) . (iv) Click ORGP09422, which contains a link to the orthologous group page, to display a total of 18 genes in this group. (v) Click the checkbox next to the Orchidstra ID in the first row of the gene table to select all genes at once (Fig. 5C) , and then click 'Show expression profiles' to create a web page that displays the RNA-Seq based gene expression data of the selected genes (Fig. 5D) or a heat map. Alternatively, choose genes manually by clicking the checkboxes next to each gene accession. Fig.  5E illustrates the heat map for one selected gene, PATC127065. The FPKM or TPM value can be downloaded in CSV file format. By clicking 'Back to Orthologous Group' users can return to the orthologous group page. The RNA-Seq-based gene expression data show that the KNOX genes were highly expressed in the developing flower stalks at its early stage and in germinating seeds in P. aphrodite (Fig. 5E) , and in mesocarp tissues of the developing vanilla pod (6-and 8-week pod) in V. planifolia (Fig. 5F ).
Example 2. LEAFY encodes a transcriptional regulator that controls meristem identity and floral meristem development (Huala and Sussex 1992) . To find the LEAFY genes in orchid species and their expression pattern, go to TOOLS-Search Orthologous Group and follow the steps described below. (i) In the 'Create Your Search' panel choose PFAM from the drop-down menu, and then type 'PF01698' into the search box (Fig. 6A). (ii) Select OR from the Boolean operator menu.
(iii) Choose Annotation Keyword from another drop-down menu, and then type 'LEAFY' into the search box. (iv) Leave all of the checkboxes unchecked to perform a search without the species filter (Fig. 6A) . (v) Click the Search button to list orthologous groups that have Pfam accession 'PF01698' or an annotation keyword of 'LEAFY'. (vi) The result page shows one orthologous group with 17 genes in 16 species (Fig. 6B) . Click the orthologous group ID to view the number of genes in each species and a full list of the genes in the group (Fig. 6C) . (vii) Select a gene by clicking the checkbox next to the gene accession, and then click 'Show expression profiles' to create a webpage displaying the LEAFY gene expression data of the selected genes.
Discussion
The economic and ecological significance of the orchid family drives the demand for database tools that can be used for orchid gene discovery. Several web-based databases provide transcriptome information for orchid species, e.g. OOGB , OrchidBase (Tsai et al. 2013 ) and Orchidstra (Su et al. 2013a) . These databases host a large collection of NGS-based orchid transcriptome assemblies and EST data, and provide search options for gene annotation. With orchid sequence data derived from NGS technology increasing rapidly, we need to continue to find more efficient ways to process and manage the annotation of transcriptome sequences and gene expression data. A comparison between Orchidstra 2.0 and other orchid databases is shown in Table 3 . Besides the collection of unigene sequences and the functional annotations, Orchidstra 2.0 has some unique advantages and features that are not seen in other orchid transcriptome databases. One unique feature of Orchidstra 2.0 is the pre-computation of orthologous genes across orchid species and model organisms. Information about orthologous groups is an important starting point for transferring acquired knowledge between species, and is therefore very useful for genome annotation and comparative genomics. We expanded the functionality of the database to support orthologous gene searching and retrieval. Orchidstra 2.0 now allows users to search for and retrieve orthologous groups and/or gene expression based on keywords for gene annotation or pre-computed protein domain/family. Users can retrieve data derived from different datasets across multiple tissues and species by a single query, which is useful for exploration. In addition to text searching, the new web interface of sequence similarity searching provides users with a flexible combination of multiple databases. Besides a graphical overview of results and sequence alignment output, the results page provides a download link for retrieving BLAST hit sequences directly without leaving the BLAST output page. Moreover, Orchidstra 2.0 has collected several Phalaenopsis native species and wild species that are widely used for Phalaenopsis breeding and have contributed to the genetic background of many modern Phalaenopsis hybrids. From the agricultural point of view, the database provides a starting point for the implementation of genomic selection in in breeding programs for Phalaenopsis orchids. We have made an extensive effort to collect orchid wholetranscriptome sequencing data and generated a comprehensive transcriptomics resource to cover functional annotations from various sources, information on orthologous genes across species and gene expression data (microarray and RNA-Seq) across various tissues. Orchidstra 2.0 is the largest orchid transcriptome database to date and offers a broad overview of 18 orchid species across the five subfamilies in the Orchidaceae. The transcriptome sequence information and annotation from related orchid species can be used to develop genetic markers or phylogenetic markers that will be useful in the fields of functional genomics, genetic mapping and phylogenetic analysis. While Orchidstra 2.0 is an orchid-focused resource, we believe that Su et al. 2013a Tsai et al. 2013 our database deserves to be utilized by all users who have an interest in plant gene families and comparative genomics. We welcome feedback and suggestions from all users for further improvement of the database.
Materials and Methods

Plant materials
We performed transcriptome sequencing and de novo assembly to produce the new transcript datasets in Orchidstra 2.0 for nine species, namely P. aphrodite, P. bellina, P. lueddemanniana, P. modesta, P. schilleriana, G. elata, C. formosanum, A. wallichii and N. zollingeri. 
RNA extraction and sequencing
The tissue samples collected in this study and the number of biological replications for each tissue in each species are listed in Table 1 . Mature flower buds before opening ('large bud' in Table 1 ) were obtained from P. aphrodite, P. bellina, P. lueddemanniana, P. modesta, P. schilleriana, G. elata, C. formosanum and N. zollingeri. Fully open flowers were obtained from P. aphrodite, P. bellina, P. lueddemanniana, P. modesta, P. schilleriana and C. formosanum. Young flower buds at their early development stage ('small bud' in Table 1 ) were obtained from P. aphrodite (1.3 cm flower bud), P. lueddemanniana (0.8 cm flower bud) and P. modesta (0.6 cm flower bud). One of the samples from N. zollingeri was a mixture of young buds and bracts at their early development stage. The sample prepared from A. wallichii was a mixture of young buds and leaves. Tips of aerial roots of mature plants ('root' in Table 1 ) were obtained from P. aphrodite, P. bellina, and P. lueddemanniana. Leaves of mature plants were obtained from P. aphrodite, P. bellina, P. lueddemanniana and N. zollingeri. Developing flower stalks at early stage with length <1 cm and 1.5-3 cm ('short stalk' and 'long stalk', respectively, in Table 1 ) were collected from P. aphrodite. Two or more biological replications were obtained from tissues of Phalaenopsis orchids, except for P. modesta (Table 1) , and RNA-Seq was conducted using different barcodes for each biological replicate sample. Total RNA was extracted from each biological replicate sample as described previously (Su et al. 2011 ). The RNA concentration was measured with Nanodrop 2000 (Thermo Scientific) and Qubit (Invitrogen). The quality of RNA was assessed using an Agilent 2100 Bioanalyzer (Agilent). Strand-specific RNA sequencing libraries were constructed using Illumina Truseq Stranded mRNA Library Preparation Kit. Strand specificity of the Truseq stranded mRNA library was achieved by replacing dTTP with dUTP and using DNA polymerase and RNase H in the process of second-strand cDNA synthesis. All procedures followed protocols provided by the manufacturers. In total, 49 libraries were prepared and individually barcoded. Six to nine barcoded libraries were pooled per sequencing lane on an Illumina Hiseq2500 in Rapid Run mode to generate paired-end 150-bp or 200-bp reads.
RNA-Seq read processing and de novo transcriptome assembly
The raw sequencing data for C. ensifolium, C. sinense, O. sphegodes, O. italica and V. planifolia were downloaded from the NCBI Sequence Read Archive (SRA) (Kodama et al. 2012 ) and were converted to fastq format using the SRA Toolkit (https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=software). The raw fastq files were subjected to adapter clipping and sliding window quality trimming with Trimmomatic (V 0.32) (Bolger et al. 2014) . De novo transcript reconstruction of each orchid species was performed separately using Trinity (Grabherr et al. 2011 ) with default parameters.
Identifying potential protein-coding transcripts and constructing unigene sets
After removing transcript contigs that shared significant identity (E-value cutoff 1EÀ50) with the orchid chloroplast and orchid virus (Odontoglossum ringspot virus or Cymbidium mosaic virus), the remaining transcript contigs were subjected to BLASTX (Camacho et al. 2009 ) against NCBI nonredundant database (E-value cutoff 1EÀ10) to identify the potential protein-coding transcripts. Then, the protein-coding transcripts were sent to TransDecoder (http://transdecoder.github.io/) to identify potential protein-coding regions within the transcripts. The top 2000 longest open reading frames (ORFs) were used to train a Markov model for coding sequences in TransDecoder. In order to reduce redundancy and create the unigene dataset for each species, we further performed CD-HIT (Li and Godzik 2006) clustering of the deduced amino acid sequences with parameter setting -c 0.985, and then selected the transcript with the longest coding sequence in each cluster as the unigene representative.
Annotation of unigenes and quantitation of gene expression
The procedure for annotation of protein-coding unigenes was performed as previously described (Su et al. 2011 ) with the following modifications. To assign the GO term annotation (Ashburner et al. 2000) for each unigene, the BLAST XML files were generated using the E-value cutoff of 1EÀ10 with the number of top BLASTX hits output set to 20, and then the resulting output files were subjected to Blast2GO (v3. 3) analysis (Conesa et al. 2005) . Moreover, rather than using one-way BLAST in the previous study (Su et al. 2013a ), we performed OrthoMCL (Li et al. 2003) clustering to identify the orthologous sequences of protein-coding genes. In total, 593,709 amino acid sequences were collected from the 18 orchid species, Arabidopsis and rice. After removing sequences that have less than 20 amino acids, the remaining 587,449 amino acid sequences were subjected to a reciprocal all-against-all BLAST search with the E-value cutoff of 1EÀ5, and the resulting similarity table was used in the OrthoMCL clustering pipeline to identify orthologous groups with the inflation parameter (van Dongen 2000, Enright et al. 2002) of 2.0. Quantification of gene expression from RNA-Seq data was performed using the RSEM package (Li and Dewey 2011) , which invokes Bowtie (Langmead et al. 2009 ) for aligning the sequencing reads to the transcripts.
Annotation of noncoding RNA genes
We performed CD-HIT clustering of noncoding transcripts to eliminate redundant sequences. We then used Infernal (Nawrocki and Eddy 2013) to search the sequence representatives against the covariance models of the Rfam database (release 12.1, http://rfam.xfam.org/) with the E-value threshold of 1EÀ4. Many types of noncoding RNA genes were identified, including transfer RNAs, ribosomal RNAs, microRNA precursors and small nucleolar RNAs.
Database construction
The Orchidstra 2.0 database runs on CentOS (7.0) operating systems with Apache HTTP Server (version 2.4.6) and the MariaDB 5.5 relational database management system. We designed the Orchidstra 2.0 database with three-tier architecture comprising a data tier, the application tier and the presentation tier. The transcript entries, their associated protein domains and families, GO terms, EC number, KEGG pathways (Kanehisa et al. 2016 ), significant BLAST hits, homologous information, miRNA-related information and gene expression data (based on microarray or RNA-Seq) were stored in the MySQL database. The application tier and presentation tier were developed using PHP (5.4.16), jQuery, JavaScript and AJAX (Asynchronous JavaScript and XML). The user can query the Orchidstra 2.0 database by filling in entry forms for keyword or sequence searching functionality from the web user interface (the presentation tier). The queries are processed using PHP and then MySQL to search against the database. The user interface on the user's web browser acquires information by AJAX to generate the web page.
SRA accession numbers
The RNA-Seq data generated in this study are available in the NCBI Sequence Read Archive (SRA) repository under accession numbers SRP090841 (SRR4343844),
